ABSTRACT
INTRODUCTION
Irrigation with wastewaters has been increasing, mainly due to the decreasing availability of water in some regions, as well as due to the presence of large quantities of nutrients, which may increase the crop yield and improve the physical quality of the soil, thus improving the agricultural frontiers. This practice may be envisaged from two perspectives: the ecological and a socialeconomical. In the first case, the application of these wastewaters to irrigate the crops allows to recover part of the organic matter, while minimizing negative aspects that these residues may cause to water bodies; the second one represents a feasible alternative for both, minerals recycling and mineral fertilization reduction (Gomes et al. 2004; Caovilla et al. 2005; Suszek et al. 2005; Frigo et al. 2006; Anami et al. 2007; Baumgarnter et al. 2007; Sampaio et al. 2007; Anami et al. 2008; Dal Bosco et al. 2008a; Pelissari et al. 2009 ). Swine wastewater, usually referred to as pig slurry, is one of the most abundant effluents applied on soil, which, however, must be properly managed. Due to the difficulty in finding an adequate application for pig slurry generated in pig farms, many farmers apply it to their soils without a previous evaluation of possible impacts of the application in the long term. This is the typical case of the Paraná state in Brazil, which has about 135,000 properties and a pig herd estimated at 6.07 million of animals. This places Brazil at the fourth place in export of pork in the world ranking (Dal Bosco et al. 2008b) . In general, irrigation with pig slurry may promote an improvement of soil structure and other physical properties, since it adds organic matter contained in the animal manure organic compounds. Soil organic matter decreases soil bulk density, increases porosity of soil and water infiltration, as well as storage and cation exchange capacity. Thus, it reduces the abrupt changes of pH by some buffering effects (Freitas et al. 2004; Anami et al. 2008) . However, environmental issues must be studied, as indiscriminate use of the slurry may cause short term ion concentrations in soil, thus generating fertility problems and over concentration in surface and groundwater. Besides the ions, when pig slurry is applied to the soil, nitrogen (Payet et al. 2009; Rotz 2011) , phosphorus (Berwanger et al. 2008; Doblinski et al. 2010) , exchangeable cations, K, Ca, Mg, Na, Cu, Zn and Mg contents increase (Melo et al. 2006; Berenguer et al. 2008) , and salinity and sodicity are closely associated with the practice (Halliwell et al. 2001; Barros et al. 2005; Brito et al. 2007) . In this context, this study aimed at evaluating the effects caused by the pig slurry application associated with mineral fertilization in chemical parameters of a Red Distroferric Latossol and the movement of ions in soil, using drainage lysimeters in corn crop.
MATERIALS AND METHODS
The experiment was carried out in an experimental field located at 24 48' latitude S and 53 26' longitude W and an altitude of 760 m, under protected environment in 24 lysimeters, built according to Aboukhaled, Alfaro and Smith (1986) . Spacing between each lysimeter was 0.40 x 0.50 m, a 1.10 m depth and 1.43 m diameter each, with 1.0 m 3 volume, resulting in a 1.60 m 2 area for each one. Water was added to the lysimeters for 45 days to obtain the saturation and accommodation of the soil in order to give a bulk density as close as possible to the conditions at the original sites of the typical Red Distroferric Latosol (EMBRAPA 1999) . A drip tape irrigation system was used to allow a better control of water depths. The drip irrigation emitters were separated by 10 cm, with a flow rate of 1.02 L h -1 and a service pressure of 5 mWG. This irrigation system was used to simulate the average water regime of the region (75% of probability) (Longo et al. 2006 ).
Hybrid corn (Zea mays L.) CD 705, recommended for the region, was sown with a density corresponding to 45,000 plants ha -1 . Seeding was carried out manually, with two seeds per pit. There were eleven pits per lysimeter and thinning was carried out five days after the seeding (DAS). After the thinning, eleven plants were left in each lysimeter. Liming requirement was supplied according to Gianello et al. (1995) . Considering nitrogen (N) as a key element, treatments were determined by crop N requirements (80 kg ha -1 ) (Fancelli and Dourado Neto 2000) , according to the chemical composition of mineral fertilizer (N-5%; P-20%; K-20%) and physico-chemical characteristics of pig slurry (Table 1) . A trifactorial split-plot block experimental design was used (B1, B2, B3), with three replicates. Due to previous use of the experimental field, a longitudinal heterogeneity was observed in soil parameters, which led to the use of a randomized block design. The treatments used were (Table 3) : five doses of pig slurry corresponding to 0, 112.5, 225, 337.5 and 450 m 3 ha -1 during corn cycle, combined with two levels of fertilization (50 and 75% of recommended nitrogen fertilization). Pig slurry doses were split in six pig applications, from the vegetative cycle to the reproductive cycle of the crop. Controls consisted of crop growth with the two doses of traditional mineral fertilization only (50 or 75%) and 0 m 3 ha -1 pig slurry. During the experiment, five samplings of soil were performed (0, 40, 70, 95 and 200 DAS) . Lysimeters leachate was collected seven times (60, 75, 90, 105, 120, 135 and 150 DAS) and plant height (PH) was measured five times (10, 40, 70, 100 and 130 DAS) . Productivity in each plot was determined at the end of the crop cycle. Considering that NO 3 (Table 1) surpassed the recommendation for the crop. The normality analyses of data and the respective transformations, when necessary, followed Gomes (1987) recommendation. After the test of normality, the analyses of variance were carried out to check the significance of factors under the study. When there were significant interactions among the means, they were compared by Tukey test at 5% significance. Table 4 shows a summary of the analysis of variance (ANOVA) results for the soil parameters and each treatment. In general, DAS and application of pig slurry, both alone and together, had the most significant effects, since pig slurry application supplied additional nutrients to the crop. This observation indicated the importance of evaluating these effects as a function of pig slurry application time and dose (Hountin et al. 2000) . Another important observation was that the parameters associated with total Kjeldahl nitrogen (TKN) and N organic (Norg) did not show any significant effects, which might have been due to the ability of the crop to adequately extract this element (Singh and Kanwar 1995; Freitas et al. 2004) . : not significant at 5% of probability; *:significant at 5% of probability. Tables 5, 6 and 7 show the results for the means comparison tests for identifying the significant effects of the interactions or isolated factors in Table 4 . Similar to soil parameters, the factors which had the most significant effects on the leachate were DAS and pig slurry, both individually and together (Table 8) . This showed the importance of evaluating these effects as a function of slurry application time and dose (Hountin et al. 2000) . It is important to note that the Chemical Factor (CF) factor mainly influenced the electrical conductivity (EC) when combined with DAS. Tables 9 and 10 show the means comparison tests for identifying the significant effects of the interactions or isolated factors in Table 8 .
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RESULTS AND DISCUSSION

Nitrogen
Initial soil inorganic N concentration of 65.59 mg L -1 increased after the application of pig slurry (Table 5 ). At the end of the growing cycle at 200 DAS, inorganic N levels decreased, which could be related to the following two factors: either the plants absorbed N or N was leached into deeper soil layers because pig slurry was not applied during the reproductive period (Alfaia 2006) . In the leachates, NO 3 concentration increased proportionally according to the treatments (Table  9) . Despite this increase, all of the measured amounts were below the recommended environmental limits in Brazil (10 mg L -1 ) (CONAMA 2008). TKN was undetectable in the leachate at the beginning of crop growth, but this changed with continued application of pig slurry, thus revealing leaching of this nutrient (Table 10) . 
Phosphorus
Pig slurry application slightly increased the available phosphorus (P) levels in the soil (Tables  5 and 6 ) because pig slurry was rich in P (Table 1) , which was not mobile in the soil. Additionally, organic matter helps P to remain exchangeable (Oliveira and Parizotto 1994; Oliveira et al. 2000) . As shown in Table 5 , only the control was significantly different with the largest P dose at 75% CF. Despite the differences in the control, soil P concentrations were low compared to the values found by Stefanutti et al. (1995) , who reported concentrations greater than 24 mg L -1 leading to soil contamination problems. At 90 DAS, soil P levels were higher than the level determined by Stefanutti et al. (1995) . However, the levels began to decrease at 200 DAS when pig slurry was no longer applied. The amount of P leaching in the soil profile after slurry application was small, with the highest concentration at the end of the analyzed time period (Table 10 ). Lowest concentrations of P are generally due to adsorption to soil particles, plant absorption and/or precipitation . Eghball et al. (1997) applied 60 kg ha -1 of P in layers and found that P descended only 4 cm in three types of soil. Several studies have shown that P leaches more easily in the soil when P is in organic form and when fertilizers and organic materials are applied together. P concentrations in the leachate were always lower than the range (0.2 to 0.3 mg L -1 ) reported to be the usual leachate water concentration during plant growth by Basso et al. (2005) .
Even though P was not found at high concentrations, it should be monitored for potential environmental pollution. The application of high doses of pig slurry in small areas, and practices allowing higher water infiltration rates should be avoided. Agricultural systems, which allow the production and maintenance of large amounts of plant material on the soil surface to decrease surface erosion, should be adopted. In some cases, however, even small losses of P at relatively low concentrations are considered critical enough to cause water eutrophication (Zaimes and Schultz 2002) .
SAR, ESP and related cations
The application of pig slurry generally resulted in increased calcium (Ca) and potassium (K) soil concentrations during the growing cycle (Table 6 ). Means followed by the same small letter in the row and capital letter in the column do not differ among themselves by the Tukey test at the level of 5% of significance. PS: pig slurry; DAS: days after seeding.
Concentrations of K were low in the soil, which could have been due to plant absorption. After the crops reached the maturation phase, soil K concentrations increased because this element was only found in a soluble mineral form in pig slurry, thus, increasing its absorption potential and resulting in its small residual effect, especially for grasses (Ceretta et al. 2003) . Sodium (Na) concentrations in the soil (Table 7) were lower than Ca concentrations (Table 6) due to leaching, which reduced the soluble salt accumulation in the soil. Despite the possible increase over the time with successive applications, Na indices in the soil were low and did not present any environmental concern (Cordeiro 2001) . Contrary to acidic soils, in which the leaching mechanism promotes removal of basic cations from the soil, in other cases salty soils develop as a consequence of salt accumulation, especially Na. This can be worsened by irrigation if the water used adds salt to the soil (Marschner 1995) . In this context, it was observed that the sodium adsorption rate (SAR) values tended to increase as a function of pig slurry dose and time, but the values were extremely low, which did not lead to sodification problems (Table 7) . Reduced Na concentration in the soil in the last sampling (200 DAS) was similar to the last but one sampling (95 DAS) ( Table 7 ). This could have been due to the use of irrigation without pig slurry during the maturation phase. These observations indicated that humid climates would rarely accumulate Na because of the large amount of precipitation, which promoted leaching (Rengasamy and Olsson 1993) . However, this depends on how much of the element is applied, which is a function of wastewater quality and the volume applied, especially for repeated pig slurry applications over a long period. Similar to SAR, soil exchangeable sodium percentage (ESP) also increased (Table 7) proportionally to pig slurry dose. However, all of the observed ESP values were below 15% considered to be an environmental indicator (Richards 1954) . Comparing pig slurry composition (Table  1) with elements concentrations in the leachate (Tables 9 and 10), cation leaching was low. However, highest slurry levels resulted in higher concentrations of elements in the leachate. Means followed by the same small letter in the row and capital letter in the column do not differ among themselves by the Tukey test at the level of 5% of significance. PS: pig slurry; DAS: days after seeding; SAR: sodium adsorption ratio; ESP: exchangeable sodium percentage. Table 9 showed that K levels tended to increase over time, even though the levels remained low. In the 60 DAS, K levels on soil were 1.02 meq L These low levels of K in the leachate could be due to the low concentration in slurry (Table 1) . Ca and Mg concentrations shown in Table 9 indicated low mobility of these elements, which could be attributed to the high retention of cations in the soil, as well as interaction with anions not adsorbed by the soil lime and clay. Almost all of the added Ca and Mg moved toward the negative charges created by the increase in pH, and only a small fraction of the Ca and Mg was part of the soil solution. Thus, Ca and Mg changes in the profile depended on the existence of anions in the soil solution, especially nitrates, chlorides and sulfates, which mainly resulted from the mineralization of OM and whose quantities might explain, at least in part, the different effects of lime on mobility in various soils (Pearson et al. 1962; Gonzalez-Erico et al. 1979) . Average Na levels in the leachate (Table 10) at 60 and 75 DAS (beginning of the period) differed from the Na level after 90 DAS. At 90 DAS, Na had higher concentrations, but the Na concentrations were still below that the Brazilian limit for underground water (CONAMA 2008) . Therefore, SAR values (Table 8 ) from the leachate showed a medium restriction, but EC value showed low environmental restriction (Maas and Hoffman 1977; Cordeiro 2001) . Means followed by the same capital letter in the row and small letter in the column do not differ among themselves by Tukey test at the level of 5% significance. PS: pig slurry; DAS: days after seeding; SAR: sodium adsorption ratio. 
Heavy Metals
Zinc (Zn) and copper (Cu) are added to pig feed and are present in pig slurry, thus making an analysis of their environmental contamination valid. Table 7 shows that Zn levels in the soil were higher for the slurry doses of 337.5 and 450 m 3 ha -1 compared to the other doses. In addition, Cu tended to be higher in soil at the applied doses compared to the control treatment at 0 DAS (Table 7) . Both metals, however, did not accumulate over the experimental period (DAS). These metals might have been absorbed by the crop at the beginning of the growth cycle (Lopes 1995; Matias 2006) as well as adsorbed to the soil surface.
Organic Material and pH
Application of pig slurry significantly raised these levels to an OM content of 21.90 g dm -3 and a pH of 6.30. Before the planting, the soil had an average OM content of 14.00 g dm -3 and a pH of 5.47 (Table 2) . Soil moved from "low" to "medium/high" for OM (Tomé Jr 1997) and from moderate acidity to near the neutrality desired for the plant growth (Lopes 1995) . This OM and pH increase, which was probably a direct consequence of the biological organic demand (BOD) of the pig slurry and might have contributed to Zn and Cu fixation in the soil (Matos et al. 1997 ). This increase in OM needs to be further monitored in order to evaluate the real effect of the pig slurry application on this soil quality parameter.
Agronomic parameters
The analysis of variance for the agronomic parameters of corn crop revealed no significant effect on corn production for the following factors: pig slurry, chemical fertilization or the interaction between pig slurry and chemical fertilization (pvalues of 0.327, 1.41 and 0.41, respectively). However, crop production was only measured at the end of the crop cycle. Therefore, time factor (DAS) was not included. The p-values were also not significant for plant height, except for the pig slurry and chemical fertilization factors (0.03 and 0.046, respectively). On average, the corn production was 1.16, 0.880, 1.30, 1.44 and 1.49 t ha -1 with 50% chemical fertilizer and 1.53, 0.960, 1.37, 1.48 and 1.80 t ha -1 with 75% chemical fertilizer for 0, 112.5, 225, 337.5 and 450 m 3 ha -1 of pig slurry, respectively. The production increased 23% for the treatments receiving the highest level of pig slurry and largest dose of chemical fertilizer (PS*CF) compared to the control, which corroborated the results of Chateaubriand (1988) and Freitas et al. (2004) . However, the production obtained didn't reach the regular corn production in this period in Brazil (from 3 to 4 t ha -1 ), probably due to the fact that the chemical fertilizer was applied just in the seeding. The plants receiving 225, 337.5 and 450 m 3 ha -1 of pig slurry had equal shoot lengths (93.66, 93.30 and 100.96 cm, respectively) at a 5% significance level, and these plants had shoot lengths longer than those of plants receiving 112.5 m 3 ha -1 pig slurry and the control treatment (average lengths of 85.09 and 83.26 cm, respectively). Longer shoot lengths after pig slurry application were also observed by Freitas et al. (2004) , Baumgartner et al. (2007) and Cruz et al. (2008) , who studied corn, lettuce and passion fruit, respectively. The primary factor for these proportional relations could be the relationship between the vegetative growth of corn and the amount of N applied (Barcellos 1992) . Moreover, pig slurry provided several small amounts of different nutrients to the crop, which were not supplied by the mineral fertilization.
CONCLUSION
Considering that this was the first year in the experimental agricultural area and that pig slurry was applied together with the chemical fertilizer, it could be conclude that nitrate concentrations in the leachate increased as the amount of applied pig slurry increased, but these concentrations did not exceed the levels established by the law. Probably the continuous use of wastewater might cause environmental problems in the soil or in underground water due to its accumulation. From a production point of view, more studies need to be done to determine the optimal use of pig slurry or/and chemical fertilizer in corn cultivation. From a sustainability viewpoint, the results indicated that pig slurry could be disposed of on soil and water systems used for corn cultivation. However, medium-and long-term studies need to be performed to determine the specific needs for each region.
